We have used immunohistochemistry to localize follistatin/activin-binding protein in adult male and female rats. A polyclonal antibody directed against a follistatin peptide (residues 123-134)
We have used immunohistochemistry to localize follistatin/activin-binding protein in adult male and female rats. A polyclonal antibody directed against a follistatin peptide (residues 123-134) was used as a specific immunologic probe. Intense and specific follistatin immunoreactivity was evident in spermatogenic cells of seminiferous tubules in the testis. The predominant staining was in nuclei of spermatocytes and spermatids, but no immune reaction was observed in spermatogonia or spermatozoa. Moderate immunoreactivity was detected in Leydig cells. Sertoli cells were follistatin-negative. Significant immunoreactivity was evident in ovarian granulosa cells. The intensity of the staining changed with follicle development:
no immunoreactivity was observed in granulosa cells of primordial to primary follicles, but the cells of secondary to Graafian follicles displayed moderate to strong staining and finally luteal cells of the corpus luteum became negative. The epithelial lining of the oviduct and the smooth muscle of the myometrium of the uterus were intensely immunoreactive. Immunoreactive follistatin staining was present in the pituitary: a group of round-shaped cells were specifically stained. Immunostainable follistatin was visible in the epithelial layers of renal tubules with moderate to strong staining reactivity. Hepatic cells in the liver demonstrated homogeneous immunoreactivity from moderate to strong. The cortex of the adrenal gland, white pulp of the spleen and the brain cortex were also stained weakly but distinctly with the antiserum.
In conclusion, immunoreactive follistatin is widespread in rat tissues, suggesting that follistatin/activin-binding protein is a ubiquitous protein, regulating a wide variety of activin actions.
(Endocrinol Japon 38: 383-391, 1991)
A NEW CLASS of gonadal protein factor, named follistatin or FSH-suppressing protein (FSP), has been isolated from side fractions derived from the purification of porcine and bovine ovarian inhibins and activins (reviewed in refs. [1, 2] ). Follistatin was initially characterized by its ability to suppress FSH secretion from the pituitary. The action of follistatin is apparently similar to that of inhibin but it is structurally quite different [3, 4] .
Follistatin is a glycosylated single-chain protein that occurs in 31-to 39-kDa molecular mass forms, all of which have similar amino acid compositions and identical amino-terminal amino acid sequences. The molecular cloning of cDNA with the gene of follistatin revealed two forms, a smaller molecular weight form and a larger form, which are generated by alternative splicing. The smaller form represents a carboxy terminal-truncated form of the larger precursor [5] [6] [7] [8] . Recent examinations of follistatin gene expression in rat tissues have shown that follistatin mRNA is detected not only in the gonads but also in many extragonadal tissues including kidney, decidual tissue, pancreas, cerebral cortex, pituitary, etc. [8] [9] [10] , strongly suggesting other physiological roles for follistatin besides the suppression of pituitary FSH secretion. Our unexpected recently purified activin-binding protein from rat ovary and bovine pituitary and proved that it is identical with follistatin [11, 12] .
Activin was originally identified as a gonadally derived protein hormone that stimulates FSH secretion from the anterior pituitary [13, 14] . There is increasing evidence that activin is multifunctional: modulation of follicular granulosa cell differentiation [15] [16] [17] , regulation of erythropoiesis [18] [19] [20] , stimulation of insulin secretion by pancreatic islets [21] , enhancement of proliferation of fibroblast [22, 23] , stimulation of glucose production by hepatocytes [24] , modulation of somatotroph functions [25] [26] [27] , modulation of nerve cell differentiation [28, 29] We have successfully obtained several antibodies raised against synthetic peptides corresponding to different regions of the predicted follistatin sequences [34] . In the present paper, we describe studies on the distribution of follistatin in rat tissues using immunohistochemistry.
We Antibody preparation A rabbit polyclonal antibody was raised against a synthetic human follistatin peptide (residues 123-134).
The peptide was coupled to Limulus polyphemus hemolymph hemocyanin and used to immunize rabbits [34] .
Immunohistochemistry
An avidin-biotin-peroxidase complex procedure [35] 
Testis
Immunostaining reactions generated with follistatin antiserum were intense in the spermatogenic cells of seminiferous tubules (Fig.1A) . Sertoli cells in the tubules were not visualized with the serum, while Leydig cells were weakly but distinctly stained (Fig.1B) . When the antiserum was absorbed with 100-fold molar excess of follistatin peptide (residues 123-134), the immunostainable material in testis was markedly reduced (Fig.1C) .
Immunostainable products were visible not in all types of spermatogenic cells but specifically in the cells situated in the intermediate to adluminal compartment.
Neither the spermatogonia located along the outer edge of the tubules next to the basal lamina nor the spermatozoa in the lumen showed any immunoreactivity. By contrast, the spermatocytes and spermatids were stained with follistatin antiserum: this staining appeared to be dependent on the stage of spermatogenesis. The follistatin antiserum appeared to specifically recognize spermatogenic cells undergoing meiosis.
More interestingly, as shown in Fig.I B, a highermagnification micrograph of a cross-section of the seminiferous tubule showed a unique immunostaining pattern: specific immunoreactivity was observed in the nuclei of spermatogenic cells which were apparently spermatocytes and spermatids. The stained nuclei were identified definitely as those of pachytene spermatocytes, judging by their morphology in the corresponding field of hematoxylin-eosin stained serial sections (data not shown). The most intense staining, however, was observed in the nuclei of round spermatids. No immunoreactivity was visible in spermatogonia adjacent to the basement membrane and spermatozoa shed into the lumen of the tubule. The staining was judged to be specific because of the failure of nuclei of other cell types in the testis to stain and the lack of staining with absorbed antiserum. Thus our findings strongly suggest that follistatin is involved in meiosis of testicular germ cells.
The distribution of immunoreactive inhibin, cr, Shaha el al. [36] , who reported that specific immunostaining with inhibin PA subunit antiserum was observed in the nuclei of spermatogenic cells which were probably spermatocytes. They also reported that the nuclear staining in testis was not seen with inhibin a-and WB subunit antiserum. This staining pattern in selected germ cells of testis correlates with the predominant staining of the nuclei of spermatocytes and spermatids with antiserum to follistatin peptide as described above. These findings suggest an important physiological role of activin and follistatin/activin-binding protein or probably an activin-follistatin complex in the meiotic nuclei of germ cells. Although both activin and follistatin are secretory proteins, they are localized unusually in the nuclei of germ cells. The mechanism for the unusual localization is unknown.
Ovarti
In the adult rat ovary, follistatin peptideimmunoreac:tive staining was localized primarily to follicles. As shown in Fig.2 , the follicular granulosa cell layer demonstrated a strong reaction with the antiserum, while the theca internal cells and oocytes were found to show a negative reaction. The reactivity was dependent on the stage of developing follicles: little, if any, immunoreactivity was detected in immature follicles including primordial to primary follicles, and the secondary to mature (Gaafian) follicles were stained vividly with antiserum, while in the corpora lutea no significant staining was observed (data not shown). Follistatin mRNA was investigated at the cellular level by in situ hybridization by Shimasaki et al. [8] , who reported that the follistatin mRNA level was very low in primordial follicles, but increased dramatically in the granulosa,cells of the growing secondary and tertiary follicles. This is in good agreement with our results obtained by immunohistochemistry.
They also observed that the mRNA signal was detectable but decreased, in the mature preovulatory Graafian follicles. In contrast, in our immunohistochemical experiments, the most intense staining was seen in Graafian follicles among various developmental stages of follicles. However, we investigated the changes in immunohistochemical reactions of ovarian cells during reproductive cycles and found that immunoreactivity was decreased immediately prior to ovulation (K. Ogawa, unpublished data). This suggests that the mRNA level of follistatin must be decreased markedly on proestrous.
Consequently, it may be that Shimasaki et al. observed follicles at this developmental stage. However we cannot exclude the possibility that the discrepancy in the expression patterns may have arisen from the different method.
Interestingly, intensely staining granule-like forms were seen on the granulosa cells. Follistatin is a secretory protein since its molecular cloning indicates that the precursor of the mature molecule contains a signal sequence. Recently, we found that rat cultured granulosa cells produce and secrete follistatin into the medium in response to the addition of FSH [37] . Therefore, the granule-forms are presumably the secretory vesicles for follistatin secretion.
Oviduct and uterus
Markedly intense reactivity of the follistatin peptide was observed in the oviduct (Fig.3) . In particular, the columnar epithelial lining of the ampulla and is thus displayed strong immunoreactivity. The branched mucosal folds, with which the ampullary lumen is filled, were also intensely follistatin-positive.
The oviduct serves to transport the egg to the uterus and is also the site of fertilization.
The epithelium lining the oviduct lumen is comprised mainly of secretory cells, but the function in controlling egg transport and fertilization is obscure. The distinct localization of follistatin to epithelial cells may provide a clue to an understanding of the molecular basis of fertilization. Examination of the changes in the staining profile before and after ovulation or fertilization may be a fruitful approach.
The smooth muscle of the myometrium was moderately immunoreactive (data not shown). S1-Nuclease analysis of RNA extracted from rat tissues was performed by Michel et al. [10] , who reported that follistatin mRNA was detected in uterus and skeletal muscle at a markedly high level. Taking this evidence together, it may be that the mRNA signal from the uterus is sent from the uterus muscle. The significance of follistatin in muscle actions is unknown, but these findings suggest a novel physiological role.
Pituitary
Immunostaining of the pituitary gland demonstrated a characteristic staining profile. The staining spots lay scattered sporadically over the anterior lobe, whereas the posterior lobe showed no immunoreactivity at all (Fig.4A) This is in good agreement with out present results obtained by tmmunohtstochemtstry Furthermore, Northern and S1-nuclease analyses of rat tissues showed that the expression level of follistatm mRNA in the kidney is the next highest to that in the ovary We have already succeeded in the purification of folltstaun ftom rat [11] and porcine ovaries (unpublished data, H Sugmo) and bovine pituitary [12] We attempted to purify folhstatm from bovine kidney, but significant activin-binding activity (folhstattn activity) could not be detected in the kidney homogenate.The activity was unexpectedly low, in comparison with the mRNA level The cause of the disciepancy between the mRNA level and the protein level in kidney is unknown On the other hand, Asashima et al purified a protein factor exerting inducing activity on Xenopus embryo from calf kidney and identified it as an activin homologue [39] Although the phy siological role of activin in the kidney is unclear, it is possible that activin actions may be regulated in the kidney by activm-binding protetn/follistaun Others In the liver, the cords of hepatic cells, which are arranged in a radial pattern around a central vein, displayed intense immunoreactivity.
The adrenal cortex cells including the Lona glomerulosa, zona fasciculata and zona reucularis were stained whet eas the adi enal medulla w as negative (data not shown)
The spleen was also folhstatmpostttve the white pulp was moderately stained but no staining was observed in the red pulp ( Fig  6) .
The staining profile coincided with the distribution profile of follistatin mRNA obtained by Northern and S1-nuclease analyses [8] [9] [10] . Michel et al [10] have t ecently reported that SI-nuclease analysis of RNA extracted from rat tissues mdt- cated the expression of follistatin mRNA in the gonads as well as many extragonadal tissues, whereas they could not observe any sign of follistatin gene transcription in spleen, liver, cerebellum or blood cells. Although we did not examine bone marrow, the hepatic cells of the liver and the white pulp of the spleen were distinctly stained by our method. This discrepancy may be due to the limited sensitivity of the S l-nuclease technique or it may reflect a different principle underlying the two methods.
Our results clearly indicate that follistatin protein is ubiquitous in tissues. The similarity in breadth of tissue localization has been also demonstrated in the expression of inhibin /3 subunit mRNA [36] . Taken together, these findings lead us to suggest that follistatin, with its activinbinding activity, can regulate various activin actions at any place and any time.
